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Abstract 
Small crack initiation and arrest behavior called pop-in is often observed in fracture toughness tests of welded joints. The 
material toughness is extremely sensitive to the local brittle zone (LBZ) in heterogeneous heat-affected zone (HAZ). The 
avoidance of pop-in initiation is very difficult in toughness tests of welded joints using high strength steels. These pop-ins may 
not always significant events in structural integrity due to the material heterogeneity in HAZ where the material surrounding LBZ 
has high crack arrest capability. The pop-in behavior in heterogeneous HAZ has been investigated using 3-dimensional dynamic 
finite element analyses (FEA) with calibrated cohesive elements. The models used are single edge notch bend and single edge 
notch tension specimens having material heterogeneities to assess loading mode and material heterogeneity effects on pop-in 
behaviors. It has been found that toughness heterogeneity in HAZ has a large effect on pop-in significance. And the effect of 
loading mode such as bending or tension on pop-in significance can be observed in FEA. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
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1. Introduction 
Small crack initiation and arrest behavior is often observed in fracture toughness tests of welded joints. This 
behavior is so called pop-in. This pop-in behavior is presented in the load - crack mouth opening displacement 
(CMOD) measurement with a sudden drop in force and increase in displacement. And a subsequent increase in force 
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and CMOD after pop-in arrest can be observed. The assessment of pop-in significance in practical fracture 
assessments of welded structures is an important issue (Sumpter (1991)). Assessment procedure of the pop-in 
significance based on the already standardized fracture toughness tests procedure such as ISO12135, BS7448 part 2 
and ISO15653 may be often too conservative and often gives the pop-in significance structurally at a very low 
critical crack tip opening displacement (CTOD). This may cause a difficulty in satisfying the fracture toughness 
requirement of welds. Material toughness is extremely sensitive to the local brittle zone (LBZ) in heterogeneous 
heat-affected zone (HAZ). The avoidance of pop-in initiation is very difficult in fracture toughness tests of the 
welded joints using high strength steels. These pop-ins may not always the significant events in structure due to the 
material heterogeneity in HAZ including LBZ and surrounding material having high crack arrest capability. 
However, the appropriate assessment method to evaluate whether the pop-in is significant or not in structural 
integrity of the welded components has not been well developed. 
From these points of view, a practical assessment procedure of pop-in significance is needed in structural 
integrity assessment of welded components using high strength steels. In this study, pop-in behavior in 
heterogeneous weld HAZ has been investigated using 3-dimensional dynamic finite element analyses using 
calibrated cohesive elements. The models used are single edge notch bend SEN(B) and single edge notch tension 
SEN(T) specimens having material heterogeneities to assess the loading mode and material heterogeneity effect on 
pop-in behaviors. It has been found that toughness heterogeneity in HAZ has a large effect on pop-in significance. 
And also the effect of loading mode such as bending and tension on pop-in significance can be observed in FEA. 
2. Experiment 
2.1. Specimen 
Fracture toughness tests were conducted with three-point bend specimens cut from high strength steel welds. 
Testing setup is shown in Fig. 1(a). Shapes and dimensions of the specimens are shown in Fig. 1(b). Through-
thickness-cracked specimens were used. Fig. 1(c) shows a typical macro-etched photograph of specimen with 
indicating the through thickness crack location.  
 
a b c  
Fig. 1. (a) three point bending test set up; (b) shapes and dimensions of standard fracture toughness specimen used; (c) macro-etched photograph 
of specimen B2B with through-thickness crack tip in HAZ and weld metal where B is thickness of specimen. 
2.2. Results 
Fig. 2(a) shows the typical  load - crack mouth opening displacement (CMOD) relationships. In all specimens, 
multiple pop-in behavior can be seen in load-CMOD measurements with a sudden drop in force and increase in 
displacement. After load dropping and pop-in arrest, an subsequent increase in force and CMOD can be observed 
repeatedly. Typical pop-in fracture surface is depicted in Fig. 2(b) which is obtained by the terminated test after first 
pop-in initiation. Small pop-in can be detected in fractured surface. This pop-in phenomenon was derived from the 
small brittle crack initiated at a local brittle zone (LBZ). And this rapidly propagating brittle crack was subsequently 
arrested when it propagated into the higher toughness region that surrounded the LBZ. 
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a        b  
Fig. 2. (a) experimentally measured  load-CMOD; (b) typical fracture surface with pop-in crack extension and arrest. 
3. Assessment procedure of pop-in significance 
Some assessment methods of the pop-in significance have been standardized or proposed. The most important 
issue is whether the pop-in is arrested in actual large structure when a pop-in would be arrested in laboratory test 
using standardized fracture toughness specimen. BS 7448 part 1 for determination of plain strain fracture toughness 
KIc, critical J-integral and critical CTOD of metallic materials standardized the assessment procedure of multiple 
evented pop-in significance. The multiple pop-in cannot be allowed when the total force drop at a constant 
displacement determined based on the initial compliance in load – CMOD curve at a particular pop-in is greater than 
5%. ASTM E1290:02 standard on CTOD testing also standardized the same criterion. These 5% drop criteria were 
based on the study by Dawes (1991). This procedure is equivalent to specifying a maximum pop-in crack extension, 
οap, of 2% of the original crack ligament, b0, (οap<2%b0).  According to these standards, even the pop-in having 
only very small crack depth cannot be allowed and should be judged as significant. 
The criterion by Willoughby (1986) means more acceptability of pop-in crack extension. Willoughby’s criterion 
has more un-conservatism than BS7448 and ASTM E1290:02 criteria that any pop-in can be insignificant if 
οap<4%b0 and any pop-in associated with a load drop lower than 10% should be insignificant. 
Berejnoi (1998) proposed an alternative assessment procedure for the analysis of the pop-in significance in 
SEN(B) CTOD tests. This procedure is based on the change in elastic compliance and it allows the assessment of 
any pop-in, even those that are preceded by ductile crack growth or previously ignored pop-in. 
Arimochi (1986) investigated the pop-in significance in actual welded joints subjected to tensile loading with 
dynamic measurement of stress wave in SEN(B) and dynamic FEA. They investigated the effect of load drop on the 
behaviors of pop-in crack initiated in SEN(B) and the effect of applied loading mode on pop-in crack behavior using 
SEN(B) and welded joints of actual structures subjected to tensile loading. It has been found by numerical analyses 
that bending loading was able to be severer than tensile loading for small brittle crack propagation and arrest under 
some limited conditions. They proposed the assessment procedure for significance of pop-in for welded joints of 
low strength steels. But they did not investigate welded joints of high strength materials and their FEA was based on 
two-dimensional model without taking into account the material heterogeneity in thickness direction such as local 
brittle zone located in heat affected zone of welds. 
From these points of view, a practical assessment procedure of pop-in significance is needed in structural 
integrity assessment of welded components using high strength steels. In this study, pop-in behavior in 
heterogeneous weld HAZ has been investigated using 3-dimensional dynamic finite element analyses using 
calibrated cohesive elements in the following section. 
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4. Assessment using dynamic finite element analyses 
3.1. FE-model 
Single edge notch bending, SEN(B), and single edge notch tension, SEN(T), specimens were modeled to assess 
material heterogeneity in HAZ and loading mode effects. Fracture behavior were analyzed with three-dimensional 
dynamic elastic-plastic finite element analyses (FEA) using the solid elements with cohesive elements for simulating 
crack extension and arrest behavior. The elastic-plastic stress - strain constitutive relation was obtained by uniaxial 
tensile test. FEA were performed with the FE-code Abaqus explicit Ver. 6.10. The finite element meshes are shown 
in Fig. 3. Full model were discretized for the both specimens. Near crack-tip regions were fine meshed. Cohesive 
elements which can be prepared in Abaqus implement the traction - separation property defined in terms of nominal 
tractions. The cracked section was discretized as depicted in Fig. 4. The various cohesive properties of cracked 
ligament were set to four regions to simulate material heterogeneity as shown in Fig. 5(a). A damage initiation 
criteria based on the maximum nominal stress criterion, tn_max, were specified for cohesive elements and a damage 
evolution criteria based on the dissipated energy, Gc, due to failure were specified for each cohesive element as 
shown in Fig. 5(b). A cohesive traction at damage initiation for property (1), tn_max(1), surrounding LBZ was set to 
the higher value than the local brittle zone property (2), tn_max(2). A maximum traction tn_max(3) of property (3) 
was set to higher than tn_max(1). The tn_max(3) corresponds to the crack initiation toughness with the calibration to 
capture crack initiation behavior which is ordinary higher than the arrest toughness. The tn_max(4) in property (4) 
was set to higher than tn_max(2) for LBZ with the calibration to capture crack initiation behavior in LBZ. Material 
properties of tn_max and Gc for properties (1) – (4) were set as the table included within Fig 5(b). Loading speed of 
SEN(B) specimen is 0.5mm/sec and that of SEN(T) specimen is 5mm/sec. The strain rate effect on constitutive 
equation of the material used was not taking into account. 
 
a b  
Fig. 3. (a) FE model for  SEN(B) with 118,770 elements and  39,436 nodes; (b) FE model for  SEN(T) with 364,240 elements and  124,766 nodes. 
 
 
a b  c  
Fig. 4. (a) bird view for cracked ligament section in half of the model of SEN(B); (b) bird view for cracked section in half of the model for 
SEN(T); (c) mesh for crack tip region squared in Fig. 3(a) and (b); 
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a                b  
Fig. 5. (a) mesh in cracked ligament section with four regions of cohesive properties defined for simulating the material heterogeneity; (b) 
definition of traction-separation relationship with cohesive properties for four region to express material heterogeneity where tn_max(2) in 
property (2) corresponds to low toughness of LBZ. 
3.2. Results and discussion 
Fig. 6(a) shows the simulated load - CMOD relationships in comparison with typical experimental data 
terminated at first pop-in. The simulated multiple pop-in behaviors in the cases of tn_max(1)=(1.1-1.3)*tn_max(2) 
has a good agreement with the experimental multiple pop-in behaviors as already shown in Fig. 2(a). Fig. 6(b) 
shows the relationship between the scaled load - the scaled CMOD relationship for both bending and tension 
specimens. The scaled procedure was that the load - CMOD compliance has been consistent to each other between 
SEN(B) and SEN(T) specimens. In the case of welded joints of high strength steel, the pop-in crack in the specimen 
subjected to tensile loading is more significant than that in the three-point bending specimen of welded joints 
because the pop-in arrest behavior cannot be observed in SEN(T) specimen with the case of 
tn_max(1)=1.1*tn_max(2) with the assumption of low crack initiation toughness. This may be the very critical issue 
in structural integrity constructed with high strength steel welded joints having the local brittle zone in the heat 
affected zones. Fig. 7(a) shows the typical load – CMOD relationship of SEN(B)specimen with the captured FEA 
stress contours of multiple pop-in crack propagation and arrest behavior at each pop-in. In the case of the material 
cohesive traction property of tn_max(2)=1.3*tn_max(1), gradual propagated cracks can be observed in FEA which 
has been simulating the multiple pop-in crack propagation and arrest. Fig. 7(b) shows the typical load – CMOD 
relationship of SEN(T) subjected to tensile loading with the captured FEA stress contours under rapidly crack 
propagation. In the case of the material cohesive traction property of tn_max(2)=1.1*tn_max(1), the multiple pop-in 
crack and arrest behavior has not been observed under tension as shown in Fig. 6(b) and Fig. 7(b). 
        
 a  b  
Fig. 6. (a) simulated load-CMOD relationships with the typical experimentally measured data; (b) relationship between scaled load and scaled 
CMOD for the both bending and tension specimens as the elastic compliance being consistent each other. 
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a b  
Fig. 7. (a)  load - CMOD of SEN(B) with captured FEA stress contours at multiple pop-in of tn_max(1)=1.3*tn_max(2); (b) load - CMOD of 
SEN(T) under rapid crack propagation without multiple pop-in of cohesive property is tn_max(1)=1.1*tn_max(2). 
 
Fig. 8. maximum pop-in depth and CMOD relationship for both SEN(B) and SEN(T) specimens; Rapidly propagating brittle crack without pop-
in crack arrest behavior has been observed in SEN(T) specimen having the maximum traction property as tn_max(1)=1.1*tnmax(2). 
4. Conclusion 
Pop-in behavior in heterogeneous weld HAZ has been investigated using three-dimensional dynamic FEA using 
calibrated cohesive elements. The multiple pop-in can be demonstrated in FEA due to the material heterogeneity of 
LBZ and surrounding higher toughness material. This means the significance of taking into account the material 
heterogeneity, especially LBZ, in thickness direction to assess the pop-in arrest-ability. It has been found that, in 
welded joints of high strength steel at low toughness condition, pop-in crack subjected to tension is more significant 
than that in the three-point bending specimen. This would be the critical issue in structural integrity in high strength 
steel welded joints subjected to tensile loading having the local brittle zone in the weld heat affected zone. 
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